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The mitochondrial dynamin-like GTPase Mgm1 exists as a long (l-Mgm1) and a short isoform
(s-Mgm1). They both are essential for mitochondrial fusion. Here we show that the isoforms interact
in a homotypic and heterotypic manner. Their submitochondrial distribution between inner bound-
ary membrane and cristae was markedly different. Overexpression of l-Mgm1 exerts a dominant
negative effect on mitochondrial fusion. A functional GTPase domain is required only in s-Mgm1
but not in l-Mgm1. We propose that l-Mgm1 acts primarily as an anchor in the inner membrane that
in concert with the GTPase activity of s-Mgm1 mediates the fusion of inner membranes.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Mitochondria in most eukaryotic cells form a tubular, intercon-
nected network that is highly dynamic due to constant reshaping
by fusion and ﬁssion events [1,2]. Mitochondrial dynamics is
important for numerous cellular processes, such as cell differenti-
ation, development, inheritance of mitochondrial DNA (mtDNA),
and apoptosis [3]. A number of severe neuropathies in humans
are associated with impairment of fusion and ﬁssion of mitochon-
dria [4].chemical Societies. Published by E
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Reichert).In Saccharomyces cerevisiae three proteins have been reported to
be involved in distinct steps of mitochondrial fusion and shown to
physically interact with each other: Fzo1, Ugo1, and Mgm1. Loss of
any of these factors causes fragmentation of mitochondria and loss
of mtDNA [5–8]. Mgm1 is essential for inner membrane fusion to-
gether with a high level of GTP [9,10], and was proposed to play a
role in the maintenance of cristae [9,11]. It exists as a long
(l-Mgm1) and a short (s-Mgm1) isoform, which are present in
roughly equal amounts [11,12]. l-Mgm1 is anchored to the inner
membrane via an N-terminal transmembrane segment (TM)
exposing the bulk of the protein to the intermembrane space
(IMS). s-Mgm1, which lacks the N-terminal transmembrane
anchor, also resides in the IMS but is only peripherally mem-
brane-associated [11,12]. The formation of s-Mgm1 depends on
the mitochondrial rhomboid protease Pcp1 [12,13]. We have previ-
ously shown that insertion of Mgm1 into the inner membrane with
its TM and processing by Pcp1 at the rhomboid cleavage region
(RCR) are competing processes [14]. Deletion of the RCR in
Mgm1 prevents formation of s-Mgm1 and consequently results
in formation of l*-Mgm1 only. Conversely, deletion of the TM leads
to complete processing of Mgm1 by Pcp1, selectively generating s*-
Mgm1. Importantly, both isoforms of Mgm1 are required forlsevier B.V. All rights reserved.
2238 M. Zick et al. / FEBS Letters 583 (2009) 2237–2243maintenance of mitochondrial morphology and inheritance of
mtDNA [12].
The molecular basis of the requirement for both isoforms of
Mgm1 in inner membrane fusion is not known. Here we addressed
this question by applying co-immunoprecipitation experiments,
quantitative immunoelectron microscopy, and a novel in vivo com-
plementation assay that allows the analysis of the two isoforms of
Mgm1 in an independent manner.2. Materials and methods
2.1. Yeast strains, plasmids and in vivo complementation assay
Standard methods were used for growth and manipulation of
yeast strains [15]. The strain FG4/10 (nuclear background of MR6
[16]; mtDNA of SDC22 [17]) was transformed with
pRS316_Mgm1_ﬂ and the chromosomal copy of MGM1 was then
deleted, resulting in strain FDM316-2 (MATa; ade2-1; his3-11,15;
leu2,112; trp1-1; ura3-52; Dmgm1::kanMX4; Darg8::HIS3;
[q+ARG8m]; [MGM1+-URA3-CEN]). This strain was used as the
parental strain for the complementation assays. The details of the
procedure for the in vivo Mgm1 complementation assay are de-
scribed in Fig. 3A. A complete list of plasmids and details of cloning
procedures can be found in Supplementary data.MTS TM RCR M
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Fig. 1. The two isoforms of Mgm1 interact with each other in both homotypic and hete
generate l*-Mgm1 and s*-Mgm1. (B) Analysis of protein-protein interactions between M
indicated tagged Mgm1 variants were subjected to co-immunoprecipitation using poly
Equivalent fractions of loaded material (load) and elution were subjected to SDS–PAGE
mitochondrial targeting sequence; GED, GTPase effector domain; middle, dynamin middl2.2. Immunoelectron microscopy
Quantitative immunoelectron microscopy was performed as
described previously [18] using rabbit polyclonal antibodies raised
against the peptides H2N-CLGESMKEKFNKMFSGD-COOH (l-Mgm1)
and H2N-CKKSYKGVSKNL-COOH (s- and l-Mgm1; [12]). By that
the submitochondrial distributions of both Mgm1 isoforms and
of the long Mgm1 isoform could experimentally be obtained. From
this the distribution of the short isoform (s) was calculated using
a subtraction procedure described in detail Supplementary data
and Fig. S1.
2.3. Preparation of cell extracts, cell fractionation, and analysis of
protein–protein interactions
Preparation of yeast total cell extracts, isolation of mitochon-
dria, and co-immunoprecipitation experiments were performed
essentially as described previously [19]. Mitochondria isolated
from a Dmgm1/Dmgm1 strain (Research Genetics Inc. (Huntsville,
US-AL), now Life Technologies Corp. (Carlsbad, US-CA)), expressing
the indicated HA- and FLAG-tagged Mgm1 variants, were used for
co-immunoprecipitation experiments. Samples were analyzed by
SDS–PAGE and Western blotting using rabbit antibodies against










































rotypic manner. (A) Schematic representation of Mgm1 and Mgm1 variants used to
gm1 isoforms. Solubilized mitochondria of Dmgm1 deletion strains expressing the
clonal anti-HA antibodies (aHA) or non-related antibodies as negative control (c).
and immunoblotting with antibodies directed against the HA- or FLAG-Tag. MTS,

























































Fig. 2. The two isoforms of Mgm1 show a distinct distribution across the mitochondrial inner membrane. (A, B) Localization of Mgm1 by immuno-EM and in silico
accumulation of gold particles onto an empiric model. S. cerevisiae wild-type cells were grown to early log phase in liquid complete media containing 2% lactate, chemically
ﬁxed, cryosectioned, and immunogold labeled. The location of gold particles found in mitochondria showing clearly resolvable CMs connected by crista junctions to the IBM
were plotted onto a single, empirically determined, drawn to scale model. (A) Distribution of both Mgm1 isoforms determined with an antibody directed against the C-
terminus of Mgm1 (data are taken from Ref. [18]; represented in adapted manner). (B) Distribution of the l-Mgm1 isoform using an l-Mgm1 speciﬁc antibody. (C)
Quantiﬁcation of the distribution of the Mgm1 isoforms across the sub-compartments of the mitochondrial inner membrane: OM/IBM and CM. For details see Supplementary
data and Fig. S1.
+Arg -Arg +Arg -Arg
Mgm1 fl empty plasmid 
s*-Mgm1 l*-Mgm1
s*+ l*-Mgm1 dnDnm1 (S42N)
s*-Mgm1 mutX + l*-Mgm1 mutY
5-FOA +Arg 5-FOA -Arg








+No ρ  clones
loss of
+[MGM1 -URA3-CEN]
plasmids with mutants to be tested




+ mΔmgm1 Δarg8 [ ρ _ARG8 ]
+[MGM1 -URA3-CEN]
+ mΔmgm1 Δarg8 [ ρ _ARG8 ]
+ s*-Mgm1 mutX
+ l*-Mgm1 mutY
Fig. 3. Complementation assay to assess s- and l-Mgm1 functions in an independent manner. (A) Graphical representation of complementation assay. After transformation of
the FDM316-2 strain with a single Mgm1 variant to be tested or combinations of them, cells were plated on SD Arg Ura medium lacking the respective amino acids (Leu,
Trp) and incubated for three days at 28 C. A dozen of transformants were picked, pooled, and cultured in liquid SD medium +Arg +Ura for 1–2 days at 28 C to allow for the
loss of the [MGM1+-URA3-CEN] plasmid while keeping selective pressure on the other plasmids introduced (LEU2, TRP1). Cells were washed once with sterile water, plated at
a density of 105 cells/plate on 5-FOA medium +Arg or Arg, and incubated 3–5 days at 28 C in order to select for cells that had lost the [MGM1+-URA3-CEN] plasmid and to
check for the maintenance of mtDNA as depicted. (B) The indicated constructs were tested to validate the assay. Resulting 5-FOA plates supplemented with arginine (+Arg) or
not (Arg) are shown. dnDnm1 (S42N), dominant negative variant of the ﬁssion factor Dnm1.
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Mitochondrial morphology was analyzed by standard ﬂuores-
cence microscopy as described previously [14].3. Results
3.1. The isoforms of Mgm1 interact with each other in homo- and
heterotypic manner
Mgm1 was reported to undergo self-self interactions in trans
[9]. However, the individual role of each Mgm1 isoform in this
process has not been addressed so far. To elucidate this we
expressed various combinations of two differently tagged vari-
ants of s*-Mgm1 and/or l*-Mgm1 in a strain lacking endogenous
Mgm1, and performed co-immunoprecipitation experiments
(Fig. 1). s*-Mgm1-HA physically interacted with s*-Mgm1-FLAG,
and l*-Mgm1-HA with l*-Mgm1-FLAG. Thus, both isoforms can
undergo homotypic interactions even in the absence of the
respective other isoform. Furthermore, s*-Mgm1-HA interacted
with l*-Mgm1-FLAG, and l*-Mgm1-HA with s*-Mgm1-FLAG
showing that both isoforms also interact in a heterotypic
manner (Fig. 1B). Still, only about 1–5% of each isoform was
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Fig. 4. The long isoform of Mgm1 exerts a dominant negative effect on mitochondrial
constructs were analyzed by SDS–PAGE and immunoblotting using indicated antibod
promoter (–) or overexpressed (") as indicated. The mitochondrial protein Tim23 was use
were tested in the complementation assay (see Fig. 3A). Sectors and enlarged insets of t
from plates in panel B and grown in liquid SD media containing arginine (+Arg) or not
strains shown in panel B.3.2. The two isoforms of Mgm1 show a differential distribution across
the inner membrane
Next we asked how the two isoforms of Mgm1 are distributed
across the distinct sub-compartments of the mitochondrial inner
membrane, namely the inner boundary membrane (IBM) and the
cristamembrane (CM).Weperformedquantitative immunoelectron
microscopy using antibodies directed against either the C-terminus
of Mgm1 (recognizing both s- and l-Mgm1) or against a region lo-
cated between TM and RCR (recognizing selectively l-Mgm1). Previ-
ously,we have shown that detection of both s- and l-Mgm1 revealed
a modest enrichment in the IBM compared to the CM (adapted rep-
resentation in Fig. 2A; [18]). Here, we determined the distribution of
l-Mgm1 and found it strongly enriched in the CM (Fig. 2B and C).We
calculated the expected amount of s-Mgm1 in IBM and CM by sub-
traction (for details see Supplementary data and Fig. S1). This re-
vealed a strong enrichment of s-Mgm1 in the region corresponding
to the IBM/OM, the twomembranes being indistinguishable by elec-
tron microscopy due to their close apposition (Fig. 2C). Taken to-
gether, both isoforms show a strikingly asymmetric, only partly
overlapping distribution over the mitochondrial inner membrane.
This observation supports the idea of distinct roles of the two iso-
forms in mitochondrial fusion. Furthermore, it may partly explain
why only substoichiometric amounts of the two Mgm1 isoforms
were found in stable heteromeric complexes in our co-immunopre-
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fusion. (A) Total cell extracts of Dmgm1 cells harboring different combinations of
ies. Mgm1 isoforms were either expressed under the control of the endogenous
d as loading control. (B) The different combinations of Mgm1 variants from panel A
he 5-FOA-Arg plates are shown. Scale bar 5 mm. (C) Growth curve of clones picked
(Arg). (D) Quantiﬁcation of mitochondrial morphology of wild-type, Dmgm1, and
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isoforms
We developed an assay to study the function of the Mgm1 iso-
forms individually. It is based on the ability of Mgm1 to rescue
maintenance of mtDNA in a Dmgm1 strain. To obtain an unambig-
uous readout independent of the respiratory capacity of the cells,
we deleted MGM1 in a strain in which the auxotrophy marker
ARG8 was chromosomally deleted and integrated into the mito-
chondrial genome yielding ARG8m [17]. In this strain growth on
media devoid of arginine depends on the integrity and mainte-
nance of mtDNA independent of the carbon source as the mtDNA
encodes for Arg8 which is required for arginine biosynthesis. Cells
lacking mtDNA (q/0) can thus only grow on medium supple-
mented with arginine. Using a plasmid shufﬂing strategy
(Fig. 3A), a wild-type copy of Mgm1 was replaced by Mgm1 vari-
ants to be tested. The resulting strains were analyzed for their abil-
ity to grow on media devoid of arginine in order to test whether
mtDNA can be maintained or not (Fig. 3A).
To validate the assay we performed the following control exper-
iments. A plasmid carrying a wild-type version of Mgm1 was able
to prevent loss of mtDNA as indicated by the approximately equal
number of colonies on medium containing arginine or not (Fig. 3B).
On the contrary, an empty plasmid was not able to rescue the cells
as colonies were only obtained on plates containing arginine
(Fig. 3B). To conﬁrm that the assay monitors the role of Mgm1 in
mitochondrial fusion, and not other unknown functions of
Mgm1, we expressed a dominant negative variant of the ﬁssion
factor Dnm1 (S42N) [20]. The simultaneous disruption of Mgm1
and Dnm1 function is known to result in the restoration of mito-
chondrial tubules and proper mtDNA maintenance [21]. Indeed,
equivalent numbers of colonies were obtained on plates containing
or not containing arginine (Fig. 3B). In a previous study [12], partial
complementation was obtained by co-expressing engineered
l*-Mgm1 (DRCR) and a variant of s-Mgm1 generated by fusing
the cleavable targeting signal of cytochrome b2 (aa 1-167) to
s-Mgm1 (aa 161-902). Here we tested the functionality of the engi-
neered s*-Mgm1 (DTM) and l*-Mgm1 (DRCR) variants containing
C-terminal tags (HA or FLAG; see Fig. 1A and Supplementary Table
1). Only the co-expression of both isoforms rendered Mgm1 fully
functional, but neither of the two isoforms alone was able to main-
tain mtDNA (Fig. 3B). We conclude that the ARG8m based comple-
mentation assay allows a reliable and fast assessment of the
functionality of the two Mgm1 isoforms independently.
3.4. The ratio of the short to the long isoform of Mgm1 is crucial for
fusion competence of mitochondria
As the ratio of the twoMgm1 isoforms appears to be tightly reg-
ulated, we asked whether altering the relative levels of the two iso-
forms affects Mgm1 function. We expressed different
combinations of s*-Mgm1 and l*-Mgm1 either under control of
the endogenous Mgm1 promoter or of a strong constitutive pro-
moter for overexpression (Fig. 4A). Applying the complementation
assay described above (Fig. 3A) we noticed that simultaneous over-
expression of both l*- and s*-Mgm1, or overexpression of only s*-
Mgm1 in the presence of wild-type levels of l*-Mgm1 did not affect
the ability of the constructs to take over Mgm1 function (Fig. 4B).
However, overexpression of l*-Mgm1 while maintaining wild-type
levels of s*-Mgm1 had a strong impact on complementation. The
number of colonies obtained on the 5-FOA plates lacking arginine
was similar to what was obtained with the other combinations,
however, their size was drastically smaller (Fig. 4B). This defect
in growth was also observed when the respective strains were
grown in liquid media lacking arginine (Fig. 4C). Apparently, an
increase of the level of l*-Mgm1 relative to s*-Mgm1 impairsmaintenance of mtDNA to a considerable extent. In accordance
with these results, microscopic inspection of the mitochondrial
network revealed that the relative increase of l*-Mgm1 levels re-
sulted in a phenotype similar to Dmgm1. In contrast, cells with
all other combinations tested were very similar to wild-type
(Fig. 4D). In conclusion, a shift of the ratio of Mgm1 isoforms to-
wards l-Mgm1 had a strong dominant negative effect on mitochon-
drial fusion, whereas a shift towards s-Mgm1 had no detectable
effect.3.5. A functional GTPase domain is only required in the short but not in
the long isoform of Mgm1
Furthermore, we investigated whether mutations in the GTPase
domain (Fig. 5A) in only one of the Mgm1 isoforms have distinct
effects on mitochondrial fusion. To this end, we introduced the
G430D mutation (mgm1-5; temperature sensitive [11]) in s*-
Mgm1, l*-Mgm1, or full-length Mgm1. The single variants or
different combinations thereof were analyzed with the comple-
mentation assay. At permissive temperature (24 C) with all
combinations similar numbers of colonies were obtained on 5-
FOA plates lacking arginine (data not shown). Individual clones
were assessed for respiratory growth on glycerol medium at
permissive (24 C) and non-permissive (37 C) temperature.
Mgm1-G430D full length, the combination of s*-Mgm1-G430D
and l*-Mgm1-G430D, and the combination s*-Mgm1-G430D and
l*-Mgm1 were not able to grow under respiratory conditions at
the non-permissive temperature (Fig. 5B). However, the combina-
tion of s*-Mgm1 and l*-Mgm1-G430D showed wild-type like respi-
ratory growth at both permissive and non-permissive temperature
(Fig. 5B). We conclude that a functional GTPase domain is strictly
required in s*-Mgm1 but not in l*-Mgm1 for maintenance of
mtDNA. To further corroborate this conclusion we tested muta-
tions known to affect either binding (RasG12V, K244A, D409W)
or hydrolysis (T265A) of GTP [22,23] separately in s*-Mgm1 or l*-
Mgm1 (Fig. 5A). We excluded impaired expression or reduced sta-
bility of the constructs by determining the steady state levels of the
different constructs (Fig. 5C). All mutations within the GTPase do-
main proved to inactivate Mgm1 function when introduced into s*-
Mgm1, while they had no impact when they were introduced into
l*-Mgm1. This was true using the ARG8m based assay (Fig. 5D) as
well as whenmitochondrial morphology was assessed (Fig. 5E). Ta-
ken together, both isoforms of Mgm1 are required for fusion of
mitochondria, but an active GTPase domain is only required in
the short isoform. This ﬁnding further supports our conclusion that
both isoforms have distinct functions in inner membrane fusion.4. Discussion
In light of its molecular role in inner membrane fusion of mito-
chondria several aspects are remarkable for Mgm1. First of all, it is
a dynamin-like GTPase and thus belongs to a class of conserved
large GTPases that are well known for their role in membrane ﬁs-
sion, e.g. during endocytosis, rather than in membrane fusion pro-
cesses [22]. Second, Mgm1 exists in two different isoforms both of
which are essential for Mgm1 function [12], an unknown property
of dynamins or non-orthologous dynamin-like proteins. Third, the
long isoform is an integral inner membrane protein harboring an
N-terminal transmembrane segment. Thus, it belongs to the sub-
group of dynamin-like proteins that mediate membrane binding
via a transmembrane segment instead of the Pleckstrin homology
domain found in classical dynamins [22].
The present study yielded several novel and surprising insights
into the molecular mechanisms of Mgm1-mediated membrane fu-
sion. A major and unexpected result is that the two isoforms of
2242 M. Zick et al. / FEBS Letters 583 (2009) 2237–2243Mgm1 are distinct in several so far unknown aspects. First, both
isoforms are differentially distributed between the CM and the
IBM, the two sub-compartments of the inner membrane. Second,
in l-Mgm1 a functional GTPase domain is not required whereas
in s-Mgm1 it is. Thus, Mgm1 is to our knowledge the ﬁrst example
of a dynamin-like GTPase in which at least one isoform has a
GTPase-independent function. We further show that relative over-
expression of l-Mgm1, but not of s-Mgm1, results in a severe dom-
inant negative phenotype. Taken together, our data strongly
suggest that the two isoforms have distinct roles in mitochondrial
fusion.
Our observations that l-Mgm1 and s-Mgm1 can in principle
form a stable heteromeric protein complex but in addition show
distinct distributions across the inner membrane might appear
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Fig. 5. The short but not the long isoform of Mgm1 requires a functional GTPase domain.
motifs are shown in bold. Introduced mutations are indicated by arrows. (B) Growth of a
sensitive mutation of Mgm1 (mgm1-5/G430D) on respiratory media (YPG). Left panel, sc
(24 C); right panel, growth at non-permissive temperature (37 C). (C) Total yeast cell
carrying different GTPase-mutations were subjected to immunoblotting using indicated a
indicated. (D) Strains harboring the different GTPase-mutations in one of the two isoform
of mitochondrial morphology of wild-type, Dmgm1, and strains harboring the differentcomplex might represent only a minor subpopulation which is lo-
cated in one or both sub-compartments of the inner membrane.
This is consistent with our results showing that this complex was
isolated only in substoichiometric amounts and that the locations
of both isoforms overlap to some, albeit minor, extent within the
inner membrane. In addition, the heteromeric complexes might
be formed only when s-Mgm1 and l-Mgm1 transiently meet dur-
ing membrane fusion, while under steady state conditions the iso-
forms are mostly located in different sub-compartments. This
would imply a dynamic redistribution of l-Mgm1 from the CM to
the IBM and could well coincide with remodeling of cristae.
Thereby l-Mgm1 may reach the site of inner membrane docking
and fusion. Docking of inner membranes itself might then be
mediated via homotypic interactions between l-Mgm1 in trans
(l–l) which is consistent with our identiﬁcation of a homomericLAG)
HA)













(A) Schematic representation of the GTPase domain of Mgm1. Key residues of G1–G4
Dmgm1 strain complemented with indicated Mgm1 variants carrying a temperature
hematic representation of sectors; middle panel, growth at permissive temperature
extracts of a Dmgm1 strain expressing s*-Mgm1-HA and l*-Mgm1-FLAG isoforms
ntibodies. The mutation is always only present in one of the two isoforms, s* or l*, as
s of Mgm1 were subjected to the complementation assay (Fig. 3A). (E) Quantiﬁcation
GTPase-mutations in one of the two isoforms of Mgm1 only, s* or l*, as indicated.
M. Zick et al. / FEBS Letters 583 (2009) 2237–2243 2243l-Mgm1 complex. Also the presence of an N-terminal transmem-
brane segment and the dispensability of a functional GTPase do-
main in l-Mgm1 suggest a primary role of l-Mgm1 in anchoring
the fusion machinery to the inner membrane. l-Mgm1 may act as
a docking receptor for s-Mgm1, eventually involving also other fu-
sion factors such as Fzo1 or Ugo1. Overexpression of l-Mgm1might
titrate out one of these factors, a reaction that would explain its
dominant negative activity. Consistent with its prevailing location
in the CM, l-Mgm1 could further help to stabilize cristae structures,
a function of Mgm1 proposed previously [9,11]. s-Mgm1, eventu-
ally as part of a transiently formed heteromeric complex, would
then regulate membrane fusion and disassembly of the fusion
machinery. s-Mgm1 requires a functional GTPase domain, and thus
appears to regulate inner membrane fusion in a GTP-dependent
manner. Still, it is not known yet which step exactly is mediated
by s-Mgm1 and how GTP binding and hydrolysis are involved. In
this working model l-Mgm1 and s-Mgm1 would act in a consecu-
tive manner, explaining the observed requirement for both iso-
forms of Mgm1. Taken together, our study shows that both
isoforms have distinct roles in mitochondrial membrane fusion
and provides a framework for future studies in order to dissect fur-
ther the molecular details of this complex interplay.
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